Introduction
Dopamine (DA), uric acid (UA) and ascorbic acid (AA) are three important biomolecules, which widely distributed in the body of many mammals, and exhibited vitally physiological functions, such as message transfer in the brain and defense against disease. 1, 2 Thus, it is important to develop sensitive, fast, and selective methods for the detection of DA, UA and AA. In the past decades, various chemically modified electrodes have been used to analyze these biological molecules. [3] [4] [5] Among these methods, polymer modified electrodes (PMEs) have many advantages in the detection of biomolecules because of their selectivity, sensitivity and homogeneity in electrochemical deposition, strong adherence to the electrode surface, and chemical stability of the film. 6, 7 Various PMEs were studied towards the electrocatalytic oxidation of DA, UA and AA. [8] [9] [10] [11] [12] For example, a glassy carbon electrode (GCE) modified with poly(N,N-dimethylaniline) could simultaneously detect AA and DA which coexisted in a homogeneous solution. 9 There have been concerned the use of glutamic acid, 10 aminobenzoic acid 11 and p-nitrobenzenazo resorcinol 12 as an electropolymerized layer to modify GCE for the detection of DA. Furthermore, conducting polymer incorporating metallic or semiconducting nanoparticles provide an exciting system, and these materials hold potential for applications in electronics, sensors and catalysis. [13] [14] [15] They have synergistic chemical and physical properties based on the constituent polymer and introduced metal. By tuning a polymer backbone with nanoscale material, realization of nano-electronic sensor devices with superior performance is possible. [16] [17] [18] 3-Methylthiophene, one of the most important conducting polymers, is easily deposited onto an electrode surface by an electrodeposited technique. 19 Poly(3-methylthiophene) (P3MT) modified electrodes have been extensively reported, and have shown excellent electrocatalytic effect on amino acids, 20 
NADH
21 and phenolic compounds. 22 On the other hand, it is well-known that gold nanoparticles (AuNPs) can be strongly bound to the surface through covalent bonds through polymer functional groups, such as -CN, -NH2, or -SH, and a AuNPs monolayer was formed by self-assembly. [23] [24] [25] Thus, we expect that the surfaces of conducting polymer films prepared by the electropolymerization of an electroactive monomer containing a sulfur atom in its heterocyclic structure would interact strongly with AuNPs, and form good contacts on the nanoscale via chemical bonding. As we known, 3-methylthiophene has a sulfur atom in its heterocyclic structure, which could easily form strong chemical bonds with Au nanoparticles. 26, 27 To the best of our knowledge, the fabrication of a AuNPs-P3MT film on the surface of an electrode through an electropolymerization method and its applications were not reported previously.
In the present work, we investigated the synthesis of a AuNPs-P3MT composite by a similar electrochemical method on a glassy carbon-electrode surface. A field emission scanning electron microscope (FE-SEM), an electrochemical impedance spectrum (EIS), and cyclic voltammetry (CV) results showed that the AuNPs were inserted into a P3MT layer uniformly, and formed a porous 3D structure, which showed excellent electrocatalytic activity towards the oxidation of ascorbic acid (AA), dopamine (DA) and uric acid (UA). A kind of novel nanocomposites, poly(3-methylthiophene) (P3MT)/gold nanoparticles (AuNPs), were successfully deposited onto the surface of a glassy carbon electrode. A field emission scanning electron microscope (FE-SEM) and electrochemical techniques were used for characterizing this modified electrode. The results showed that the AuNPs were inserted into a P3MT layer uniformly, and formed a porous 3D structure. This modified electrode showed excellent electrocatalytic activity towards the oxidation of ascorbic acid (AA), dopamine (DA) and uric acid (UA); the overlapping anodic peaks of AA, DA and UA were completely divided into three well-defined voltammetric peaks. A further study showed that there existed a linear relationship between the peak current and the concentration of DA in the range of 1.0 ¥ 10 -6 to 3.5 ¥ 10 -5 mol L -1 , and UA in the range of 1.0 ¥ 10 -6 to 3. All aqueous solutions were prepared in doubly distilled, deionized water. High-purity nitrogen was used for deaerating of the prepared aqueous solutions.
Apparatus
Cyclic voltammetry (CV), differential pulse voltammetry (DPV), amperometric i-t curve and impedance spectroscopy were performed on an electrochemical workstation, CHI 660C (ChenHua Instruments Co., Shanghai, China), respectively. A conventional three-electrode system was used. A glassy carbon disk electrode (GCE, f 4.0 mm) was used as the basal electrode for fabrication. A saturated calomel electrode (SCE) and a platinum wire electrode were used as the reference electrode and the counter electrode. All potentials were reported vs. SCE unless otherwise stated. The solutions used were thoroughly deaerated by N2 bubbling before experiments, and maintained a N2 atmosphere during experiments. All experiments were carried out at ambient temperature (about 20˚C).
Field emission scanning electron microscope (FE-SEM) images were obtained on an S-4800 field emission scanning electron microanalyser (Hitachi, Japan).
Preparation of an AuNPs/P3MT modified electrode
Prior to a modification, the bare GCE was polished repeatedly with 6, 1 and 0.05 mm alumina slurries, followed by successive sonication in ethanol and doubly distilled water for 5 min, and in order to remove any adsorbed substances on the electrode surface. Finally, it was dried under a nitrogen atmosphere ready for use.
3-Methylthiophene was electrochemically deposited on the bare GCE by CV from 0.0 and 1.7 V with a scan rate of 20 mV s -1 for three cycles, and was grown in the potentiostatic mode at a potential of 0.7 V for 10 s in a solution with 0.1 mol L -1 3-methylthiophene and 0.1 mol L -1 NaClO4 dissolved in acetonitrile. 28 The obtained modified electrode, denoted as P3MT/GCE, was treated in PBS (pH 7.0) by repetitive scanning in the potential range between 0.0 and +0.7 V for 10 cycles, and then between -0.2 and +0.5 V at a scan rate of 100 mV s -1 until a stable background was obtained.
The deposition of gold nanoparticles on the P3MT/GCE was fabricated according to a previous report. 29 The AuNPs were electrochemically deposited on the prepared P3MT/GCE by CV scanning from -1.0 to 0. for 10 cycles. Thus, an AuNPs-P3MT composites-modified GCE was obtained and denoted as AuNPs/P3MT/GCE. For a comparison, an AuNPs modified GCE, denoted as AuNPs/GCE, was also prepared by using the above process.
Results and Discussion
Characterization of a modified electrode FE-SEM images of an electropolymerized P3MT film and a AuNPs-P3MT composite film coated on the surface of electrodes are shown in Fig. 1 . From Fig. 1(A) , it can be clearly seen that there are many one-dimensional bumps dispersed on the surface of GCE, which means that 3-methylthiophene monomers are polymerized together, and form a P3MT film. On the other hand, from the image of a AuNPs/P3MT modified GCE shown in Fig. 1(B) , it can obviously be seen that gold nanoparticles appear as white to light-grey dots, while the GCE substrate with the modified polymer film appears as dark grey. Moreover, the deposited AuNPs in and on the P3MT were of 200 -400 nm in diameter, and had a uniformly porous 3D structure. In other words, this means that chemical bonding was predominant during the deposition of Au nanoparticles and the P3MT. 24 It is well-known that EIS is an effective tool for studying the interface properties of a surface-modified electrode. A Nyquist plot of the impedance spectra includes a semicircle portion and a linear portion; the semicircle portion at higher frequencies corresponds to an electron-transfer limited process, and the linear portion at lower frequencies corresponds to a diffusion process. 30 The electron-transfer resistance (Rct) at the electrode surface is equal to the semicircle diameter, and it can be used to describe the interface properties of the electrode. Figure 2 illustrates the results of impedance spectroscopy on a bare GCE (a), AuNPs/GCE (b) and AuNPs/P3MT/GCE (c) in the presence of equivalent 1.0 ¥ 10 -2 mol L -1 Fe(CN)6 4-/3-+ 0.1 mol L -1 KCl, which were measured at the formal potential of Fe(CN)6 4-/3-. It can be seen at the bare GCE a big semicircle of about 720 W (curve a) diameter with an almost straight tail line is present, demonstrating a very low electron-transfer rate to the redoxprobe dissolved in the electrolyte solution. The Nyquist diameter of the electrode deposited with gold nanoparticles is much smaller than that of the bare GCE; an Rct value of 590 W (curve b) can be estimated, which suggests that the resistance to the anion redox reaction was decreased at the AuNPs/GCE. Interestingly, the Rct from AuNPs/P3MT/GCE markedly decreased to about 20 W (curve c), which indicates a decreased resistance to the anion redox reaction at the AuNPs/P3MT/GCE. This not only may be attributed to the fact that a compact film of P3MT has good conductivity, 31 but also being due to a high double-layer capacitance arising from the roughness structure of the AuNPs-P3MT composite film. From the impedance change at different electrodes, it can be confirmed that AuNPs and P3MT had been immobilized on the surface of GCE. Moreover, from the decrease of Rct, it can also be obtained that the AuNPs distributed within the film as tiny conduction centers can accelerate the electron-transfer. Figure 3 (A) depicts the electrochemical oxidation of DA at a bare GCE (curve a), AuNPs/GCE (curve b), P3MT/GCE (curve c) and AuNPs/P3MT/GCE (curve d) in a pH 7.0 phosphate buffer solution. At a bare GCE (curve a), DA shows a broad and small oxidation peak, which means it cannot be used for any real application for the detection of DA. When GCE was modified by AuNPs (curve b) and P3MT (curve c), respectively, it could be seen that the peak current was enhanced by about 2-fold and 5-fold, which means that both a AuNPs and P3MT layers could accelerate electron transfer between the solution and GCE. However, when both AuNPs and P3MT were modified onto the surface of GCE, it could be seen that the peak current increased by about 7-fold, and had a good pair of reversible redox peaks. It thus indicates that the AuNPs/P3MT/ GCE has a strong catalytic effect on DA oxidation.
Electrochemical oxidation of DA and UA
Meanwhile, similar phenomena can also be found in Fig. 3(B) for the electrochemical oxidation of UA by the use of GCE, AuNPs/GCE, P3MT/GCE, and AuNPs/P3MT/GCE, respectively. For the oxidation of UA (Fig. 3(B) ), the peak current increased by about 10-fold, and the peak potential shifted negatively by about 25 mV comparied with a bare GCE. It can thus be concluded that AuNPs/P3MT/GCE exhibited excellent electrocatalytic activity towards the oxidation of DA and UA.
On the other hand, from SEM images (Fig. 1) , it was easy to find that the surface area of AuNPs/P3MT/GCE is much larger than that of P3MT/GCE. Thus, the increase of the peak current between curve c and curve d in Fig. 3(A) may be attributed to an increase of the surface area. To investigate the electrooxidation process of DA carefully, the CVs of K3Fe(CN)6 at four different electrodes, bare GCE, AuNPs/GCE, P3MT/GCE and AuNPs/ P3MT/GCE, are drawn in Fig. 4 . Compared with curve c in Fig. 4 , the oxidation peak current of K3Fe(CN)6 at AuNPs/P3MT/ GCE (Fig. 4, curve d) increased by about 10%. However, from Fig. 3(A) it can be seen that the peak current of DA at AuNPs/ P3MT/GCE (curve d) increased by about 40% in compared with the peak current at P3MT/GCE (curve c). Thus, the increase of the peak current for the oxidation of DA was mainly attributed to a synergetic catalytic effect. This result agrees with the capacity current obtained from AuNPs/P3MT/GCE and P3MT/ GCE (Fig. 3(A) ). From Fig. 3(A) , it can be seen that the capacity current for the oxidation of DA at AuNPs/P3MT/GCE was larger by about 15% than that at P3MT/GCE. In other words, we can deduce that the actual area of AuNPs/P3MT/GCE is larger by about 10 -20% than that of P3MT/GCE, and some AuNPs may block any defect on the surface of P3MT, which would lead to a slight area increase.
It is well known that AA, DA, and UA generally coexist in the extra-cellular fluid of the central nervous system and serum, and that their oxidation potentials are similar at most solid electrodes, which would lead to overlapping signals that appeared when people try to detect these three compounds simultaneously. The ability of a AuNPs-P3MT composite modified electrode for the analysis of DA, UA and AA simultaneously was investigated. The cyclic voltammetric responses to a mixture of 5.0 ¥ 10 -5 mol L -1 AA, 1.0 ¥ 10 -5 mol L -1 DA and 2.0 ¥ 10 -5 mol L -1 UA at a bare GCE (curve a) and AuNPs/P3MT/GCE (curve b) in pH 7.0 PBS are shown in Fig.  5 . The CV of a mixture solution of AA, DA and UA shows broad and overlapped anodic peaks at a bare GCE (curve a). Therefore, it is impossible to determine the individual concentrations of these compounds from the merged voltammetric peak. However, at the AuNPs/P3MT/GCE (curve b), the overlapped voltammetric peak is divided into three well-defined peaks at potentials of around 0.10, 0.24 and 0.41 V for AA, DA and UA, respectively. The separation of the oxidation peak potentials for AA and DA, DA and UA, and AA and UA are about 140, 170 and 310 mV, respectively. It can be seen that these peak potential differences are large enough to simultaneously detect these three compounds in a homogeneous solution. This result revealed that the AuNPs/P3MT/GCE had good catalytic activity for the electrochemical oxidation of AA, DA and UA. In addition, it can be found that the concentration of AA was 10 times relative to DA and 5 times relative to UA, which means the presence of excess of AA does not interfere with the response of DA or UA.
For investigating the reaction mechanism, the effect of the scan rate vs. the peak current of DA and UA at AuNPs/P3MT/ GCE were investigated. The results showed that the peak current (Ipa, Ipc) of DA was linearly proportional to the scan rate (v) within the range of 25 -350 mV s -1 , and the linear equations were Ipa = 0.5785 + 0.0385v (mA, mV s -1 , R = 0.9958), Ipc = -1.078 -0.0397v (mA, mV s -1 , R = 0.9961), respectively. It can thus be obtained that the DA redox reaction process was a surface-controlled adsorption kinetics process. 32 Similarly, it can also be found that the peak current of UA at AuNPs/P3MT/ GCE was proportional to the scan rate in the range of 25 -350 mV s -1 , and the linear equation was Ipa = 2.856 + 0.0457v (mA, mV s -1 , R = 0.9974), suggesting an adsorption-controlled process, too.
The catalytic mechanism of AuNPs for the oxidation of biomolecules has been studied extensively. 33, 34 Generally, it was considered that the AuNPs layer on the surface of an electrode would cause a decrease in the overpotential needed, and enable fast electron-transfer kinetics, which would make the redox reaction become kinetically viable, and the voltammetry would appear to be reversible. For instance, with AuNPs on the surface of GCE, the DA oxidation process appeared to be more reversible and the peak shifted enough to be distinguishable from that of AA, the main interference.
Effect of the solution pH
The effects of the pH on the electrode response and the oxidation potential were investigated by the DPV mode. As shown in Fig. 6 (curve a) , it can be seen that the anodic peak current of DA increased slightly with increasing pH until it reached about 7.5, and then decreased when the pH increased further. Furthermore, the Epa vs. pH graph clearly shows that the catalytic peak shifts to a more negative potential with increasing the pH in the range of 3 -10. The linear-regression equation was Epa (V) = 0.5821 -0.0497pH, with a correlation coefficient of 0.9992, which indicated that the proportion of electrons and protons involved in the redox of DA was 1:1. 35 The DPV peak potential of UA oxidation also shifted negatively with a slope of -53.5 mV/pH in the range of 3 -10 ( Fig. 6, curve b) ; the linear regression equation was Epa (V) = 0.7394 -0.0535pH with a correlation coefficient of 0.9967, which is in agreement with the 2e -/2H + reaction. 36 Meanwhile, it could be found that the peak current of UA was almost constant in the pH range of 3 -6.5, and decreased sharply from pH 6.5 -10. However, in order to mimic the physiological environment, pH 7.0 was still chosen in the following experiments. 
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Analytical parameters
For the simultaneous determination of DA and UA, DPV was carried out in the potential range of -0.2 to 0.6 V (pH 7.0). DPV curves are shown in Fig. 7(A) for the case when the concentration of DA was changed from 1.0 ¥ 10 -6 to 3.5 ¥ 10 The RSD (n = 10) was 2.63%, and the detection limit was 1.7 ¥ 10 -7 mol L -1 .
Since the system had positive-charged DA and negativecharged UA in a pH 7.0 phosphate solution, these two molecules may interact with each other when the concentration is high enough, and the two peak currents can mutually affect each other. It can be found that the maximal concentration of UA in 100 mmol L -1 was detected in the presence of 10 mmol L -1 DA, and the maximal concentration of DA in 60 mmol L -1 was detected in the presence of 10 mmol L -1 UA. In addition, because the concentration of AA is large compared to monoamine neurotransmitters in real samples, it is very necessary to investigate the electrochemical response of DA and UA in the presence of AA. The AuNPs/P3MT/GCE was used to investigate the electrochemical behaviors in the presence of AA by using the DPV technique; the results are shown in Fig. 8 . From the results, the presence of a about 10-fold excess of AA relative to DA and 5-fold relative to UA did not interfere with the response of DA and UA at 0.19 V and 0.34 V. The separations of the peaks between either of two peak potentials were large enough to determine DA and UA both individually and simultaneously in the presence of a high concentration of AA.
The comparisons on these parameters of DA and UA at various modified electrodes [37] [38] [39] are listed in Table 1 . It can be seen from the table that the catalytic activity toward the oxidation reactions of DA is on the order of AuNPs/P3MT/GCE > AuNPs/Ch/GCE > PtAu/GCE, which is characterized by shifts of the peak potentials. The AuNPs/P3MT/GCE is most suitable for DA detection with a lower detection limit than PPy/SWNTs/ GCE. In addition, the AuNPs/P3MT/GCE also had the lowest detection limit for uric acid detection compared with other methods. Thus, the above results indicated that the proposed electrode has its advantages for the detection of DA and UA.
Reproducibility and stability of AuNPs/P3MT/GCE
In order to investigate the stability of AuNPs/P3MT/GCE, the DPV values for 5.0 ¥ 10 -6 mol L -1 UA in 1/15 mol L -1 pH 7.0 PBS were recorded in for 20-min intervals. It was shown that the DPV peak current nearly remained the same as a relative standard deviation (%RSD) of 3.2% for 5 determinations, which suggests that this electrode has good reproducibility. In addition, when the modified electrode was stored in PBS (pH 7.0) at 4˚C, no apparent decrease in the current response occurred during the first day, and a 9% decrease was noted. Furthermore, only 18% decrease occurred after one month, which means that the stability of this modified electrode is satisfactory.
Real sample analysis
The possibility of using AuNPs/P3MT/GCE for the determination of DA and UA in practical samples, such as dopamine hydrochloride injection and human urine samples were tested. The dopamine hydrochloride injection solution (standard concentration of DA 10 mg mL -1 , 2 mL per injection) was diluted to 100 mL with water; 20 mL of this diluted solution, or some amount of standard DA solution was injected into each of a series of 10 mL volume flasks and made up to volume with 1/15 mol L -1 PBS (pH 7.0). An aliquot of 2.0 mL of this test solution was placed in an electrochemical cell for the determination of DA by the DPV technique in the experiment. The results are listed in Table 2 .
Meanwhile, the proposed electrode was also selected to analyze the contents of urine from a healthy human. In order to fit into the linear range of UA, all urine samples were diluted 500 times with PBS (pH 7.0) before measurement. The results are listed in Table 3 . In addition, the results obtained by the proposed method agree well with those obtained from traditional Chinese pharmacopoeia method, 40 showing that the proposed methods could be used efficiently for the determination of DA in injections and uric acid in urine samples.
Conclusions
AuNPs-P3MT nanocomposites modified glassy carbon electrode was successfully fabricated. This AuNPs-P3MT nanocomposites modified GCE exhibited a high electrocatalytic ability to the oxidation of AA, DA and UA, and three separated CV peaks appeared in their mixture solution. The excellent catalytic ability of the modified electrode was attributed to its special 3D nanostructure, which would accelerate electron transfer. With good sensitivity, high selectivity, excellent detection limit, and wide linear range, the proposed method can be applied to the determination of DA or UA in real samples with satisfactory results. 
